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lung; polycyclic aromatic hydrocarbons; injury and repair; xenobiotics MANY HUMAN EXPOSURES to inhaled toxicants can occur repeatedly from both environmental exposures and occupational settings. Several animal models that use repeated exposures to inhaled and ingested toxicants have described a protective phenomenon in the lung called tolerance (4, 10, 13) . Tolerance is characterized by resistance to injury from a high dose conferred by repeated exposures at a moderate dose. Tolerance in the lung has been described for male animals exposed to the P-450 activated polycyclic aromatic hydrocarbon (PAH) naphthalene (NA), which is also a prominent constituent of mainstream tobacco smoke and the most abundant PAH in sidestream smoke (10, 27) . Humans are exposed to NA at sufficient levels that it is detectable in adipose tissue, breast milk, and placental tissue (12, 16, 17) . NA has the ability to be acutely cytotoxic, and the toxic effects of NA are dependent on bioactivation of NA to an epoxide by cytochrome P-450 monooxygenases. In the mouse lung, this occurs predominantly by the CYP2F2 isoform (23) . Toxicity of NA to the human lung is still unclear, but humans express CYP2F1, which is capable of metabolizing NA, albeit to a lower degree than observed in the mouse (7) . In the mouse, the effects of NA are found in the airway epithelium, and the cell type affected is the Clara cell. Detoxification of the NA epoxide occurs predominantly by glutathione (GSH) conjugation (23) and epoxide hydrolase (1)-mediated metabolism to naphthalene dihydrodiol. The mouse is commonly used to study the cytotoxicity of NA due to: 1) the high abundance of the 2F2 isoform in the Clara cells and 2) the abundance of Clara cells in the epithelium lining the conducting airways (14) . While species differences exist between mice and humans, it is likely that compensatory changes observed with repeated toxic insult in animal models may give insight into tolerance mechanisms present in the human lung. NA tolerance in male mice involves alteration in xenobiotic metabolizing/detoxifying enzymes as well as minor reorganization of the epithelial cell populations characterized by detectable but not statistically significant reduction of Clara cells and increase in ciliated cells in the bronchiolar epithelium (6) .
Because the development of tolerance following repeated exposures can be protective, it is important to understand the cellular mechanisms that underlie this phenomenon. It is also possible that the changes inherent in NA tolerance can predispose to neoplasia (25) . This is poorly understood. Previous publications have reported that, after seven daily exposures to NA by inhalation and intraperitoneal injection, adult males develop airway epithelial tolerance described as diminished cytotoxicity with subsequent dosing and an epithelium resembling that of control animals (10, 25) . The development of tolerance in these studies was characterized by a decreased number of Clara cells, decreased enzymes involved in NA bioactivation (P-450 isozymes and P-450 reductase), and upregulation of the detoxifying tripeptide GSH concomitant with increased GSH-synthesizing enzyme glutamate-cysteine ligase (GCL) (6, 24) .
The cellular mechanisms involved in airway epithelial tolerance have not been studied in females. This is of concern because females have sex differences in epithelial responses to various lung cytotoxic substances in the airways (21) and in the prevalence of certain airway diseases such as cancer and chronic obstructive pulmonary disease (2, 15) . Our previous study demonstrated sex differences in response to a single, acute NA exposure. Female mice are more susceptible to NA than male mice regardless of dose or route of exposure. At the same dose, females had more Clara cell injury, and damage was observed further up the airways (21) . Estrous cycle stage was found to influence the amount and ratio of NA metabolites formed, indicating that sex hormones may be influencing the increased toxicity observed in the females (18) . Sex differences were also observed in NA repair, with female mice having delayed epithelial regeneration (11) . With the sex differences observed for acutely dosed NA, it is likely that sex differences also exist in response to repeated exposures. Our current study shows that females repeatedly exposed to NA develop incomplete tolerance compared with males receiving an identical dosing regimen. Furthermore, using site-specific methods, we demonstrate the amount of tolerance and susceptibility to a subsequent challenge dose varies by airway region in female mice. The purpose of the current study was to examine regeneration and reorganization of the airway epithelium using scanning electron microscopy (SEM), high-resolution histopathology, and confocal microscopy and to define changes in key genes and proteins involved in NA bioactivation (CYP2F2) and detoxification (GCL) using site-specific approaches to define regional differences in expression by airway level (19) .
METHODS

Animals and treatments.
Adult male and female NIH Swiss mice (10 wk of age) were purchased from Harlan Laboratories and housed in a HEPA-filtered laminar flow cage rack with a 12:12-h light-dark cycle and were allowed free access to food and water. Animals were given a 1-to 2-wk acclimation period before experiments were conducted and were housed in American Association for Accreditation of Laboratory Animal Care-approved facilities. Animal use protocols were approved by the University of California-Davis Institute for Animal Care and Use Committee. We used five to six animals for each analysis. Mice were administered NA in corn oil vehicle (200 mg/kg) or corn oil only by intraperitoneal injection at a concentration of 10 l/g body wt one time daily for 7 days (NAx7). Control animals were administered corn oil only for 7 days (COx7). A subset of animals were administered a challenge dose of NA (300 mg/kg) on day 8 (COx7 ϩ 300 and NAx7 ϩ 300). Six, 10, or 24 h after the last injection, mice were anesthetized with an overdose of Fatal Plus (Vortech Pharmaceuticals, Dearborn, MI) and killed by exsanguination.
High-resolution histopathology. Lungs were cannulated through the trachea and fixed with 30 cm of pressure with Karnovsky's fixative (0.9% glutaraldehyde/0.7% paraformaldehyde in cacodylate buffer, adjusted to pH 7.4, 330 mosmol/kgH 2O) for 1 h. Fixed lungs were sliced into cross sections and embedded in Araldite 502 resin. Blocks were sectioned at 1 m, and sections were stained with methylene blue azure II stain. Sections were imaged on an Olympus BH-2 microscope using Adobe Photoshop image capture software.
Confocal microscopy. Lungs were cannulated through the trachea and inflated to capacity in situ with 37°C ethidium homodimer-1 (ETHD, 5 M; Molecular Probes, Eugene, OR) in Ham's F-12 nutrient mixture (Life Technologies, Grand Island, NY) for 15 min to label the nuclei of any membrane-permeable cells fluorescent red. Lungs were then lavaged three times with 37°C F-12 medium to remove any unincorporated ethidium and fixed at 30 cm of pressure with 330 mosM Karnovsky's fixative for 1 h. The right accessory lobe was isolated and glued to a 22-mm 2 coverslip (Corning Life Sciences, Lowell, MA) with Nexaband tissue adhesive (Abbott Animal Health, North Chicago, Il). The lobe was dissected to expose the airways from the interlobar bronchus to terminal bronchioles (see Fig. 1 ). Samples were imaged using a Leica TCS LSI zoom confocal (Leica Microsystems, Wetzlar, Germany) with a 488-nm excitation laser. Emission (10) spectra were separated with the 488-nm laser to distinguish ETHDpositive cells from autofluorescence. SEM protocol using hexamethyldisilazane. The right cardiac lobe from lungs fixed for histopathology was isolated, processed, and dissected in the same manner as for confocal imaging. The samples were then rinsed with 0.1 M sodium phosphate buffer to remove fixative and then dehydrated in graduating increments of ethanol 15 min each step with three changes of 95% and three changes of 100% and further processed as described previously (20) . The samples were mounted on aluminum stubs using double-sticky carbon tabs and sputter coated with gold using a PELCO SC-7 Auto Sputter Coater (Ted Pella, Redding, CA). They were viewed on an FEI XL-30 TMP Scanning Electron Microscope (FEI, Hillsboro, OR), and images were acquired. Airway levels imaged were terminal bronchioles, airways (minor/ daughter airways off the main axial path), and airway bifurcations (Fig.  1A) . Terminal bronchioles were imaged at ϫ400, and distal airways and bifurcations were imaged at ϫ800 (Figs. 4, 8 , and 12).
Laser capture microdissection. The trachea was cannulated below the larynx. Lungs were removed en bloc. The lungs were inflated to capacity through the cannula with a 50:50 vol/vol solution of TissueTek optimum cutting temperature (OCT) compound (Sakura; Finetek Europe) in RNase-free PBS. The lobes were then cut and placed into cryomolds with excess OCT and cork backing and frozen in 2-methylbutane over liquid nitrogen. Samples were stored at Ϫ80°C. Samples for laser capture microdissection (LCM) were prepared as previously described (19) . Briefly, 10-m sections were collected from frozen blocks by cryostat sectioning at Ϫ20°C onto Leica PENMembrane slides (Leica Microsystems). Two sections were collected on the same slide. Forty microliters of prechilled RNAlater-ICE (Ambion/Applied Biosystems, Foster City, CA) were then pipetted directly onto the slide, and the slide was stored flat in a prechilled slide box at Ϫ20°C overnight. The next day, slides were rinsed in a Copeland jar of RNase-free water for 4 min and then desiccated for 10 min until dry at room temperature. Cells were captured using the 
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Leica LMD6000 Laser Capture Microdissection Unit (Leica Microsystems) by cutting the region of interest into the cap of a 500-l RNase-free microfuge tube with 25 l of Buffer RLT plus (Qiagen, Valencia, CA). Slides were captured one at a time, taking care that each slide was at room temperature for Ͻ30 min to protect RNA integrity. For this study, terminal bronchioles, minor/daughter airways off the main axial path, and airway bifurcations were captured. Terminal bronchioles were specifically defined as the last 200 m of epithelium before the bronchiole/alveolar duct junction (Fig. 1B) . For each airway level for each sample, 10 slides were collected, and areas ranging from 200,000 to 2 ϫ10 6 m 2 were collected. When sample collection was complete, the tube was centrifuged at 13,000 rpm for 2 min. RLT buffer was added to bring the total volume to 75 l. The sample was frozen at Ϫ80°C and stored or immediately processed for RNA isolation using the RNeasy Plus Micro Kit (Qiagen) using gDNA eliminator columns.
Quantitative real-time RT-PCR. RNA was reverse transcribed into single-stranded cDNA using the High-Capacity RNA-to-cDNA kit (Applied Biosystems) according to the manufacturer's suggested protocol. RT-PCR was carried out in the StepOnePlus Real-Time PCR System. Each reaction contained 2 l cDNA, 1 l TaqMan Gene Expression Assay (list of genes assayed and assay ID nos. can be found in Table 1 ), 10 l TaqMan Fast Universal PCR Master Mix, no AmpErase UNG, and 7 l of RNase-free water as recommended by the system software. GAPDH was used as a housekeeping gene. All samples were run in triplicate. Genes and assay identification numbers are detailed in Table 1 .
Statistical analysis. Fold change of gene expression in microdissected airways from five to six animals per time point was calculated using the comparative C T (2 Ϫ⌬⌬CT ) method as described previously by Applied Biosystems and in Ref. 8 . Results were reported as fold changes relative to male COx7 for each airway level and graphed as means Ϯ one SD. Statistical calculations were carried out using StatView (SAS Institute, San Francisco, CA). Results for each gene were analyzed by ANOVA with Fisher's post hoc test. P values Ͻ0.05 were considered significant.
Immunohistochemistry. Samples for immunohistochemistry were prepared by cannulating the trachea, removing the lungs from the chest cavity, and perfusing through the tracheal cannula for 1 h at 30 cm constant pressure with 1% paraformaldehyde. The lungs were stored at 4°C in 1% paraformaldehyde for 24 h, and then the left lobe was sliced into cross sections and embedded in paraffin. Blocks were sectioned (4 m) on glass poly-L-subbed slides. Paraffin sections were immunostained with polyclonal antibodies against human Clara cell secretory protein (CCSP, a Clara cell specific marker), human glutamate cysteine ligase modifier subunit (GCLM, subunit of the rate-limiting enzyme in GSH synthesis, GSH is involved in NA detoxification), mouse cytochrome P-450 monooxygenase isozyme 2F2 (CYP2F2, involved in NA bioactivation), and a monoclonal antibody against mouse ␤-tubulin (a ciliated cell marker). The optimal antibody concentration that gave positive tissue staining with minimal background staining was determined separately for each antibody using a series of dilutions. The avidin-biotin peroxidase method in the form of a Vector ABC kit (Vector Laboratories, Burlingame, CA) was used following the manufacturer's instructions. For GCL and CYP2F2, secondary antibodies from the Vector ABC kit were used, and diaminobenzidine enhanced with nickel chloride to form a black precipitate was used as the chromagen. Secondary antibodies for CCSP and ␤-tubulin IV were Alexa fluors 488 and 568, respectively (Invitrogen, Carlsbad, CA). All tissues to be compared were processed and stained in the same batch. Antibodies, vendors, and concentrations used are listed in Table 1 .
RESULTS
Terminal bronchioles.
Terminal bronchioles in control male and female mice (COx7) both appeared normal and healthy, confirming there is no observable effect of repeated corn oil exposure (Fig. 2, A, B, I , and J). Permeable cells were minimal, did not differ between males and females, and were not localized in the airway epithelium (Fig. 3B) . In corn oil-treated mice subsequently challenged with 300 mg/kg NA (COx7 ϩ 300), after 24 h, terminal bronchioles were severely damaged in both sexes, vacuolated cells were present and sloughing into the airway lumen, and remaining epithelial cells were squamated (Fig. 2, C and D) . In males, cytotoxicity was minimal at 6 h but was localized to distal airways by 10 h (Fig. 3, C and E) . In females, cytotoxicity was more extensive at 6 h and continued after 10 h (Fig. 3,  D and F) . In the terminal bronchioles of NAx7 males after 24 h, airway epithelium was similar in morphology to control animals (Fig. 2E) . Cytotoxicity was minimal com- (Fig. 3G) , and intermittent membrane-permeable cells were localized to terminal bronchioles only after the challenge dose (Fig. 3, I and K) . Clara cells in the terminal bronchioles of all NA-treated groups of both sexes appear less differentiated, with apical protrusions not as prominent as those of controls when examined by SEM (Fig. 4, C-F) . In female NAx7 terminal bronchioles after 24 h, the epithelium was less damaged than in the COx7 ϩ 300 group, epithelial cells appeared more cuboidal, less squamated epithelium was present, and, while there were still incidences of vacuolated cells, the extent and severity of cytotoxicity was decreased compared with a single, acute dose (Figs. 2F and 3H ). Both males and females that received a challenge NA dose (NAx7 ϩ 300) were still partially susceptible to the cytotoxic effects of NA in the terminal bronchiole region. At 6 and 10 h after the challenge dose, males had discrete ETHD-positive labeling in the terminal bronchiole region (Fig. 3, I and K) . In females, the presence of permeable cells was more extensive at 6 h postchallenge dose (Fig. 3L) . After 24 h, in both sexes Clara cells appeared irregular, and regions of squamated airway epithelium were present (Fig. 4, E and F) . This was more prominent in female terminal bronchioles than in males (Fig. 4F ).
Gene expression changes of Foxj1, Ccsp, Gclm, and Cyp2f2 varied by sex and by treatment in the laser-captured terminal bronchioles. Foxj1 expression in female terminal bronchioles was twofold greater in the NAx7 group but returned to control levels in the NAx7 ϩ 300 group. Expression in NAx7 males was also significantly greater than in the NA-tolerant group receiving a challenge dose (Fig. 5A) . Ccsp expression was significantly reduced in the terminal bronchioles of all NA-treated groups vs. same-sex controls; NAx7 ϩ 300 females had significantly lower Ccsp expression than males with the same treatment (Fig. 5B) . Control levels of Gclm and Cyp2f2 were significantly lower in female terminal bronchioles than males. Gclm expression remained unchanged in males with NA treatment. Females responded to NA with a slight but significant increase in Gclm expression in both treated groups, although levels never reached that of males receiving the same NA treatment (Fig. 5C ). All groups of both sexes had decreased Cyp2f2 expression in terminal bronchioles after NA treatment (Fig. 5D) .
Differential fluorescent staining of CCSP and ␤-tubulin in NA-tolerant and challenged male terminal bronchioles was similar to controls in abundance, but the intensity of staining of CCSP was less in the NAx7 group (Fig. 6, A-C) . Terminal bronchioles of NA-tolerant females were similar to controls, but, in animals receiving a challenge dose (NAx7 ϩ 300), increased patches of ␤-tubulin staining were observed (Fig. 6, J-L) . Males exhibited a higher baseline gene and protein expression level of GCLM in terminal bronchioles (Figs. 5C and 7A) . Induction of GCLM protein expression was observed in NAx7 and NAx7 ϩ 300 males but only in NAx7 females (Fig. 7, A-F) . Protein expression of CYP2F2 in male terminal bronchioles was similar in COx7 and NAx7 groups yet showed marked reduction after NA challenge in the NAx7 ϩ 300 group (Fig. 7, G-I) . In female terminal bronchioles, the only observable differences were in the abundance of cells positive for CYP2F2 in the NAx7 group (Fig. 7, J-L) .
Minor/daughter airways. Control (COx7) male and female airways have alternating Clara and ciliated cells similar in both abundance and appearance (Figs. 2, I and J, and 8, A and B) . After a single NA challenge (COx7 ϩ 300), while males had extensive terminal bronchiole damage, the effects seen were localized to terminal bronchioles and the distal airways leading up to the gas exchange region. In NA-treated males not given a challenge dose (NAx7), airway epithelium resembled that of controls in the airways (Fig. 8C) . However, in females, areas of cell squamation, increased ciliated cell patches, and both decreases in Clara cell presence and incomplete return of normal Clara cell apexes in the NA-treated females was observed ( Figs. 5N and 8D ). Groups receiving a challenge dose (NAx7 ϩ 300) had fewer Clara cells present in both sexes, but, in the female group, the reduction was marked, and ciliated cell patches were prominent. This phenomenon varied by region, and patches or fields of ciliated cells were not confined to a single airway generation or location (Figs. 5, O-P, and 8, E and F). ETHD-positive cells were also more prominent in all NA-treated females, and cytotoxicity was observed in more proximal airway generations than in males receiving the same treatment (Fig. 3, G-L) .
Gene expression of Foxj1, a marker of ciliogenesis, was elevated approximately twofold in airways of NAx7 females vs. controls. This increase was also significant over males of the same treatment and NAx7 ϩ 300 females (Fig. 9A) . Ccsp expression was reduced by more than one-half in females receiving either NA treatment compared with both control females and males with the same treatment (Fig. 9B) . Airways of NAx7 males had a slight but significant increase in Gclm expression that returned to control levels after NA challenge. Female Gclm expression did not change with either NA treatment (Fig. 9C) . Cyp2f2 expression mimicked the pattern observed for CCSP (females decreased by more than one-half of controls with NAx7 and NAx7 ϩ 300 treatment), but a significant decrease was also observed in the NAx7 ϩ 300 group compared with NA-treated (NAx7) male airways left untreated (Fig. 9D) .
CCSP and ␤-tubulin staining in the airways of NAx7 and NAx7 ϩ 300 males resembled staining of COx7 airways in intensity and abundance (Fig. 10, A-C and G-H) . In both NA-treated female groups, however, increases in ␤-tubulin staining were observed in the airways vs. controls, and vacuolated cells positive for CCSP were also present (Fig. 10, D-F and J-L). Males had slightly more intense staining of GCLM in terminal bronchioles than females (Fig. 11, A and D) . Induction of GCLM protein expression was observed in NAx7 males only (Fig. 11B) . This was consistent with gene expression Fig. 9 . Relative gene expression of Foxj1 (A), Ccsp (B), Gclm (C), and Cyp2f2 (D) in lasercaptured minor/daughter airways. All samples are relative to control (COx7) male airways and are expressed as means Ϯ SD. †Significantly different from COx7 females. *Significantly different from NAx7 males. ‡Significantly different from NAx7 ϩ 300 females. #Significantly different from COx7 males. §Significantly different from NAx7 females. ‡Significantly different from NAx7 ϩ 300 females. P values Ͻ0.05 were considered significant. levels of GCLM (Fig. 9C) . CYP2F2 protein expression in the airways did not vary with treatment or sex (Fig. 11, G-L) .
Airway bifurcations. Male airway bifurcations showed a slight decrease in Clara cell presence in NA-tolerant and a more prominent decrease in the NAx7 ϩ 300 treatment when examined by SEM. Ciliated cell presence resembled that of controls in the NA-treated groups. Airway epithelium in female airway bifurcations showed increased patches of ciliated cells, decreases in Clara cell presence, and incomplete return of normal Clara cell apexes in response to repeated NA exposure (Fig. 12) . Cytotoxicity was also greater in female bifurcations in the NAx7 and NAx7 ϩ 300 groups than in males receiving the same treatment (Fig. 3,  G-L) . Foxj1 gene expression was significantly increased in NAx7 males and females from both COx7 and NAx7 ϩ 300 groups. Ccsp expression was decreased in both groups of females with NA treatment, whereas males only had significantly lower expression following NA challenge. The same pattern was observed in Cyp2f2 expression as Ccsp for male and female airway bifurcations (Fig. 13) .
DISCUSSION
Previous studies of NA tolerance in male mice describe the airway epithelium of NA-tolerant animals as resembling that of controls in distal airways and terminal bronchioles, the site of acute toxicity in response to systemic NA exposure (6, 10) . This was confirmed in our studies using high-resolution histopathology, confocal microscopy, and SEM. Epithelial cytotoxicity was minimal in the tolerant phenotype, and the cells still susceptible to NA were isolated to the most distal airways (Fig.  3, G, I, and K) . While the most distal male airways, the terminal bronchioles, were morphologically similar in response to repeated NA exposure, female terminal bronchioles displayed evidence of incomplete tolerance (Fig. 4) . The presence of vacuolated cells, discrete regions of squamated epithelium, and membrane-permeable cells in NAx7 and NAx7 ϩ challenge female terminal bronchioles suggest that, while the extent of Clara cell toxicity is reduced by repeated exposure, susceptibility to toxicity is not eliminated. Previous studies also determined that tolerance in the terminal bronchiolar region in male mice had minor but significant effects on epithelial reorganization (6, 26) . Differential staining of CCSP and ␤-tubulin, markers of Clara and ciliated cells, respectively, indicative of increased ciliated cell and decreased Clara cell presence, suggests that this is not the case in female mice. While males repeatedly exposed to NA in our study had decreased expression of CCSP in terminal bronchioles, this observation appeared to be a function of decreased protein expression within the Clara cells in the region and not a decrease in the presence of Clara cells. In females, however, decreased staining of CCSP was coupled with increases in patches of cells stained positive for ␤-tubulin, indicating that the cellular populations differed in female terminal bronchioles following treatment. This suggests that the development of tolerance in female terminal bronchioles involves epithelial reorganization (Fig. 6 ). This is also confirmed by RT-PCR; NAx7 females have significant induction of Foxj1, a marker of ciliogenesis, and reduction of Ccsp, a Clara cell marker, in terminal airways. The pattern of expression is similar in males, but females have a greater fold change difference than is observed in males (Fig. 5, A and B) .
The proposed mechanism of tolerance in terminal bronchioles of male mice repeatedly exposed to NA is induction of GCL protein and elevated GSH (24, 26) . Upregulation of GCL, the rate-limiting enzyme in GSH synthesis, increases the rate of GSH resynthesis in the tolerant phenotype (24) . In the present study, we determined that the modulatory subunit of the GCL gene, Gclm, is not significantly different between male and female terminal bronchioles in either NA treatment group, yet protein expression of GCLM is greater in male 
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terminal bronchiolar epithelium exposed to NA than females of the same treatment and is induced compared with controls (Fig.  7, A-F) . Other studies investigating expression and induction of GCL mRNA and protein subunits found differences in magnitude and variability of both the catalytic and modulatory subunits of GCL, suggesting protein levels of GCL are subject to translational regulation and not directly correlative to mRNA levels (5). Other levels of regulation such as protein stabilization or turnover could also contribute to increased GCLM protein following NA treatment. This could account for the increased GCLM protein but not gene expression detected in male terminal bronchioles. No significant differences in gene expression of Gclc, the catalytic subunit of GCL, were detected by sex or by treatment; Gclc expression was highly variable, and this may have hindered defining significant trends or changes (data not shown). The inability of females to upregulate GCL protein in the terminal bronchiole region to the same level as males in response to repeated NA exposure likely contributes to the females remaining more susceptible to NA toxicity in the terminal bronchiolar epithlelium.
In the present study, we defined terminal bronchioles as the last 200 m of airway epithelium before the bronchiole alveolar duct junction (Fig. 1, B and C) . This is possible using LCM to isolate site-specific regions, whereas, with gross airway microdissection, terminal bronchioles are difficult to consistently isolate, especially down to the bronchoalveolar duct junction. Thus it is likely that previous studies investigating GSH and GCL induction by airway level were less stringent in their ability to define the terminal bronchiole regions than the current study. Furthermore, because of yield constraints with LCM and sensitivity of the assays used previously, it would be difficult to conduct enzyme activity assays using laser-captured samples. Therefore, for the current work, we used techniques such as SEM, RT-PCR, high-resolution histopathology, and immunohistochemisty to define biochemical and morphological changes involved in NA tolerance in a site-specific manner.
Although the changes observed in female terminal bronchioles were consistent morphologically with a population displaying incomplete tolerance to repeated NA exposure, observation of changes within the conducting airways (minor/daughter airways of the main axial path) was unexpected. SEM imaging of these airways in NA-tolerant and challenged females showed regions of densely populated ciliated cells not observed in the airways of males (Fig. 8) . These patches and what we describe as "fields" of ciliated cells were not as prominent in terminal bronchioles, the primary site of damage when NA is given systemically (ip). This sex-specific response was confirmed by immunohistochemistry of CCSP and ␤-tu- bulin demonstrating pronounced fields of red fluorescent staining indicating increases in ciliated cell B-tubulin in the airways of NA-treated females. Because this occurrence is focal, and not limited to a constant airway level or region, it is likely that changes in cellular populations in the conducting airways may be overlooked by conventional measurements. The presence of membrane-permeable cells and vacuolating cells in these airways also suggests that some remaining Clara cells are still susceptible to the cytotoxic effects of NA. The increased presence of focal regions of densely populated ciliated cells and decreased Clara cells may be evidence of permanent epithelial reorganization or may be the result of a slowed regenerative response due to repeated damage. The effect of this cellular change on susceptibility of female airways to other inhaled toxicants and disease outcome is unknown and warrants further investigation.
Previous studies of acute NA exposure found that females had more damage and a slower regenerative response (11) . We observed that, in females compared with males, the epithelial damage was more extensive, and cytotoxicity was more widespread even after repeated NA exposure. This is compared with males whose airways developed more complete tolerance and are resistant to injury with repeated exposure. It is likely that, with repeated exposure, the airway epithelium is damaged more extensively and farther up the airway tree in females, resulting in delayed epithelial repair and increased presence of ciliated cells. A similar phenomenon was observed in the distal airways of female mice repeatedly exposed to sidestream tobacco smoke for five consecutive days and challenged with a single NA dose on the third day after smoke. Focal patches of ciliated cells in the distal conducting airways were observed at 2, 4, and 12 wk following the NA challenge dose in females exposed to 5 days of sidestream smoke (22) . In another study, male mice repeatedly exposed to mainstream cigarette smoke developed protection from DNA oxidative stress following 10 daily exposures (3). It is unknown if this adaptive response occurs in female mice and if impairment of this process could be a possible mechanism for females having increased susceptibility to mainstream and sidestream tobacco smoke exposure. While these are both complex chemical mixtures, it is possible that the increased ciliogenesis and cytotoxicity due to oxidative stress are correlative with the dose or duration of NA exposure present in abundance in these smoke mixtures. It is unclear if increases in ciliated cell populations in females with repeated NA exposure are permanent epithelial reorganization and if the resulting phenotype may affect the health and disease outcome or contribute to the increased incidence of lung tumors in females exposed to NA chronically (9) . Further studies would be necessary to define both the long-term effects of NA exposure in females and to relate these data to tobacco smoke exposure effects.
We conclude that tolerance to NA in mice differs by both sex and airway level. While responses observed in terminal airways were consistent with the development of resistance to cytotoxicity, the function and long-term impact of epithelial reorganization and appearance of increased regions of ciliated cells in more proximal airway levels in female animals is less clear. Further research is needed to determine if inability to develop complete tolerance to PAH is a common occurrence in female animals for multiple substances and whether this phenomenon will occur in the human airway epithelium. Ccsp (B) , Gclm (C), and Cyp2f2 (D) in lasercaptured airway bifurcations. All samples are relative to control (COx7) male terminal bronchioles and are expressed as means Ϯ SD. †Significantly different from COx7 females. *Significantly different from NAx7 males. §Signif-icantly different from NAx7 females. ‡Signifi-cantly different from NAx7 ϩ 300 females. #Significantly different from COx7 males. ‡Significantly different from NAx7 ϩ 300 females. P values Ͻ0.05 were considered significant.
